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013.10.0Abstract The removal of cottonseed oil from oil–water emulsion by means of electrocoagulation
was investigated in a cylindrical batch reactor. The effects of operating parameters such as, current
density, initial oil concentration, pH and NaCl dosage on the oil removal efﬁciency have been stud-
ied. Current density (c.d.) ranged from 0.0009 to 0.02 A/cm2, the initial oil concentrations investi-
gated were 200, 300 and 400 ppm, pH values used were 3, 5, 7, 9 and 11. Emulsion conductivity was
changed using different concentrations of NaCl (1.5% and 3.5% and 85 ppm) as an electrolyte, to
show its effect on the oil removal. The electrodes were made of steel in the form of horizontal inter-
meshing vanes, which is considered as a new geometry design.
Also, power consumption (KW h/kg oil removed) was calculated to evaluate the economic
aspects and their relation with the removal efﬁciency, in order to ﬁgure out the optimum parameters
to work with. The oil removal efﬁciency showed its best values at high current density values, high
initial oil concentration with an emulsion of pH around 7. Electrolyte concentration had insignif-
icant effect on the oil removal, but increasing its concentration lowered the power consumption.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
The food processing industry seeks effective technologies to
remove fats, oil and grease from food processing wastewater
at acceptable cost. The baking, dairy, oil extraction (e.g., olive,
soybean, cottonseed oil), ﬁsh processing, meat and poultry69616.
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05industries, as well as manufacturers of oil-containing foods
(e.g., margarine and salad dressing) face the problem of reduc-
ing the oil contaminant load to downstream wastewater
systems [1].
The reﬁning of crude vegetable oils generates large amounts
of wastewater. The neutralization step, in particular, produces
sodium salts of free fatty acids (‘‘soap stocks’’) whose splitting
through the use of H2SO4 generates highly acidic and oily
wastewater. Its characteristics depend largely on the type of
oil processed and on the process implemented are the high
COD, oil, grease, sulphates and phosphates content resulting
in both high inorganic as well as organic loading of the
relevant wastewater treatment works [2].aculty of Engineering, Alexandria University.
Figure 1 Cell and electrical circuit used in the present study. (1)
Power supply, (2) Ammeter, (3) Voltmeter, (4) Emulsion level, (5)
Cell containing electrodes.
200 Y.O. FouadChemical methods are the most widely used techniques em-
ployed in the treatment of oily wastewaters. Ferric and alumi-
num salts are still the most popular agents used for
demulsiﬁcation although also other coagulants are under
development. The chemical treatment process usually consists
of rapid mixing of the coagulant chemicals with the wastewater
followed by ﬂocculation and ﬂotation or settling. Unfortu-
nately, conventional coagulation involves a number of draw-
backs such as the high amount of required coagulant,
corrosion problems with decreasing pH and problems with
produced sludge [3].
The principle of electrocoagulation (EC) has been common
knowledge for over 100 years with electrochemical methods
ﬁrst being used for water and wastewater treatment in 1887 [4].
The electrochemical technology can be applied for the treat-
ment of wastewater due to its safe and environment-friendly
nature. The electrochemical oxidation, electrocoagulation are
employed for the various industrial efﬂuents depending on
the nature of composition [5].
Electrocoagulation involves the generation of coagulants
in situ by the dissolution of metal ions electrochemically from
the anode with the simultaneous formation of hydroxyl ions
and also involves the production of hydrogen gas at the cath-
ode. The metal ions form ﬂocculates which traps the contam-
inants while the hydrogen gas ﬂoats these particles. This has
been successfully employed for the treatment of various indus-
trial efﬂuents like textile, paper, distillery, paint manufactur-
ing, trivalent chromium removal, mechanical polishing,
cyanide removal, almond industry, vegetable oil reﬁnery, and
indium (III) ion removal [6].
Electrocoagulation possess many advantages that makes it
an interesting option for water treatment: (i) The only chemi-
cals required are those used to control pH (ii) Ability to handle
a wide range of pollutants, i.e., it can process multiple contam-
inants: suspended & colloidal solids, heavy metals, free and
emulsiﬁed oils, bacteria and organics, (iii) Tolerates ﬂuctua-
tions in inﬂuent water quality, (iv) The gas bubbles produced
during electrolysis can ﬂoat the pollutant to the top of the solu-
tion where it can be more easily concentrated, collected, and
removed, (v) Ability to recycle water for reuse, (vi) Reduced
residue: the system produces half to one-third of the residue
in chemical coagulation. The amount of dried residue is
0.20–0.37 kg/kg COD removed. The residue tends to be readily
settable and easy to de-water, because it is composed of mainly
metallic oxides/hydroxides, (vii) Integrates beneﬁts of chemical
precipitation, ﬂotation, and settling in much smaller footprint,
(viii) Fully automated, minimal operator attention [7].
Although some work on electroﬂotation was conducted
using cells with horizontally oriented screen electrodes [8] the
majority of electrocoagulation studies were conducted using
the traditional vertical parallel plate cell [9–14] despite the
apparent merits of the horizontally oriented electrode cell.
The aim of the present work is to examine the performance
of a rectangular cell with horizontal electrodes. The electrodes
were in the form of horizontal intermeshing vanes made of
steel. This design offers the following merits: (i) Locating the
dissolving Fe anode above the H2 evolving cathode leads to
improving the mixing conditions at the anode surface by virtue
of the macroconvection induced by the rising swarm of H2
bubbles [15,16]. As a consequence concentration polarization
would decrease at the anode and dissolved Fe3+ would be uni-
formly distributed in the emulsion. (iii) The evolution of thehydrogen gas from the cathode increases the degree of mixing
of Fe3+ with the emulsion with a consequent increase in the
frequency of collision of oil drops and the rate of their ﬂota-
tion. The effect of different operating parameters, including
the current density, the initial oil concentration, the initial
pH and the electrolyte concentration, on the performance of
the cell was investigated.
2. Material and methods
Fig. 1 shows the cell and electrical circuit used in the present
work. The cell is a cylindrical plastic vessel of 16 cm diameter
and 20 cm height. The cathode consists of two welded crossing
rods at the center (perpendicular to each other) each is 14 cm
in length, welded perpendicular on them nine rods 7 cm in
length each, distributed evenly. The cathode is placed at the
bottom of the cylindrical vessel.
The anode consists of two welded crossing rods at the cen-
ter (perpendicular to each other) each is 11 cm in length,
welded perpendicular on them eight rods 7 cm of length each,
distributed evenly.
The anode is put inside the annular space between the cath-
ode rods, so that the space between anode and cathode rods is
1.5 cm. Fig. 2 shows the elevation of the electrodes. The elec-
trical circuit consisted of 20 V d.c power supply with a voltage
regulator, a multirange ammeter, all connected in series with
the cell, a voltmeter was connected in parallel with the cell.
Synthetic emulsions of different initial oil concentration
were prepared by mixing the cottonseed oil with water contain-
ing 0.15% of polyethylene oleate emulsiﬁer in agitated vessel.
Water with NaCl concentration of 3.5%, 1.5% and 85 ppm
Figure 2 Elevation view of the electrodes. (1) Anode,
(2) Cathode.
Separation of cottonseed oil from oil-water emulsions 201were prepared to simulate the sea water, the brackish water
and the tap water, respectively.
Before each run the cell was ﬁlled with 2.6 L of oil–water
emulsion, during electrolysis a sample of 10 cm3 was taken
from the bulk of the emulsion every 5 min for oil analysis.
Oil concentration in the emulsion was determined by means
of a spectrophotometer using a wavelength of 400 nm.
A calibration curve (absorbance vs. oil concentration) was
used to determine oil concentration from the sample absor-
bance measured by the spectrophotometer.
During electrolysis the cell was placed in a water bath to
control its temperature. Results were expressed in terms of per-
centage of oil removal.
%Removal ¼ ðCo  CtÞ=Co  100 ð1Þ
For a further evaluation of the economic feasibility of elec-
trocoagulation method, the energy consumption was calcu-
lated as follows [17,18];
Energy Consumption ðkW h=kg oil removedÞ
¼ ðVIt  103Þ=ð60ðCo  CtÞ  treated volumeðLÞÞ ð2Þ
where; V is the cell voltage in Volts, I is cell current in Am-
peres, t is electrocoagulation time in minutes, Co is initial oil
concentration in ppm, Ct is the oil concentration at time t in
ppm.
3. Results and discussion
The pH, pollutant type and concentration, the bubble size and
position, ﬂoc stability and agglomerate size all inﬂuence the
operation of the electrocoagulation unit [19].
A current is passed through a metal electrode, oxidizing the
metal (M) to its cation (Mn+) (Eq. (3)).
Simultaneously, water is reduced to hydrogen gas and the
hydroxyl ion (OH) (Eq. (4)).
M!Mnþ þ ne ð3Þ
2H2Oþ 2e ! 2OH þH2 ð4ÞIron upon oxidation in an electrolytic system produces iron
hydroxide, Fe(OH)n, where n equals to 2 or 3. Two mecha-
nisms have been proposed for the production of Fe(OH)n
Mechanism 1
Anode:
4FeðsÞ ! 4Fe2þðaqÞ þ 8e ð5Þ
4Fe2þðaqÞ þ 10H2OðlÞ þO2ðgÞ ! 4FeðOHÞ3ðsÞ þ 8HþðaqÞ ð6Þ
Cathode:
8HþðaqÞ þ 8e ! 4H2ðgÞ ð7Þ
Overall:
4FeðsÞ þ 10H2OðlÞ þO2ðgÞ ! 4FeðOHÞ3ðsÞ þ 4H2ðgÞ ð8Þ
Mechanism 2
Anode:
FeðsÞ ! Fe2þðaqÞ þ 2e ð9Þ
Fe2þðaqÞ þ 2OHðaqÞ ! FeðOHÞ2ðsÞ ð10Þ
Cathode:
2H2OðlÞ þ 2e ! H2ðgÞ þ 2OHðaqÞ ð11Þ
Overall:
FeðsÞ þ 2H2OðlÞ ! FeðOHÞ2ðsÞ þH2ðgÞ ð12Þ
The Fe(OH)n(s) remains in the aqueous stream as a gelatinous
suspension, which can remove the pollutants from wastewater
by either complexation or electrostatic attraction, followed by
coagulation.
In the surface complexation mode, the pollutant acts as a
ligand (L) to chemically bind hydrous iron:
LHðaqÞðOHÞOFeðsÞ ! LOFeðsÞ þH2OðlÞ ð13Þ
The prehydrolysis of Fe3+ cations also leads to the formation
of reactive clusters for water treatment.
H2 produced from the redox reaction may remove sus-
pended organic sediments or any suspended materials by ﬂota-
tion. However, the Fe3+ ions may undergo hydration.
Depending on the pH of the solution, Fe(OH)2+, Fe(OH)2
+
and Fe(OH)3 species may be present under acidic conditions.
The reactions involved are:
Fe3þðaqÞ þH2OðlÞ ! FeðOHÞ2þðaqÞ þ 2HþðaqÞ ð14Þ
Fe3þðaqÞ þ 2H2OðlÞ ! FeðOHÞþ2ðaqÞ þ 2HþðaqÞ ð15Þ
Fe3þðaqÞ þ 3H2OðlÞ ! FeðOHÞ3 þ 3HþðaqÞ ð16Þ
Under alkaline conditions, Fe(OH)6 and Fe(OH)4 ions may
also be present. It is, therefore, quite apparent that EC of both
anionic and cationic species is possible by using an iron plate/
rod as a sacriﬁcial electrode [19,20].
3.1. Effect of current density
Current density is the most requisite for controlling the reac-
tion rate in most electrochemical processes, because it deter-
mines the coagulant dosage within electrocoagulation process
whether it is a batch or a continuous reactor [21]. In the pres-
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Figure 3 Effect of the current density on the oil percentage
removal.
202 Y.O. Fouadent study the values of current density used are: 0.0009 A/cm2,
0.002 A/cm2, 0.009 A/cm2, 0.015 A/cm2, and 0.02 A/cm2.
Fig. 3 shows the effect of percentage removal of cotton oil
from oil–water emulsion due to the different values of current
density.
It was found that in most cases the % removal of oil is in-
creased at higher values of current density that’s owe to the ex-
tent of anodic dissolution of iron increases, resulting in a
greater amount of precipitate and removal of oil, also It was
established that the rate of bubble-generation increases and
the bubble size decreases with increasing current density; both
of these trends are beneﬁcial in terms of high pollutant re-
moval efﬁciency by H2 ﬂotation [2].
Fig. 4 shows the power requirement for each value of cur-
rent density used; it is clearly shown that with increasing cur-
rent density value, power requirement is increased.
Apparently, there is an optimal current density for the low-
est total cost of investment and operation. The exact range of
this value is determined by the amount of pollutant removed as
well as ﬁnancial considerations.0
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Figure 4 Effect of the current density on the power
consumption.3.2. Effect of initial oil concentration
Because the quality of wastewater continuously ﬂuctuates,
three different initial oil concentrations have been studied:
200, 300 and 400 ppm. The electrocoagulation process is more
effective at high oil concentration as shown in Fig. 5. This re-
sult is consistent with previous studies which investigated the
removal of both greases and of metals using electrocoagulation
[20,22].
3.3. Effect of initial pH
Five different values of pH were tested in the present work: 3,
5, 7, 9, and 11, all these experiments were carried out at
0.002 A/cm2, 300 ppm initial concentration for the oil, temper-
ature is around 25 C and 45 min. batch reaction time.
It was found that the maximum oil removal is around pH 7,
while pH 5 and 9 give a less degree of oil removal, and pH 3
and 11 give the least oil removal. The decrease in removal efﬁ-
ciency at strong acidic and strong alkaline pH was described
by Adhoum et al. and Vasudevan et al. [23,24]. It was ascribed
to an amphoteric behavior of Fe(OH)3 which leads to soluble
cations Fe3+, Fe(OH)2+, FeðOHÞ2þ2 (at acidic pH) and to
monomeric anions FeðOHÞ4 , FeðOHÞ36 (at alkaline pH). It
is well known that these species are not useful for water treat-
ment. For these reasons the electrocoagulation process had its
maximum efﬁciency in the pH range 5–9 with a least power
consumption at pH of 7 as shown in Fig. 6.
3.4. Effect of electrolyte concentration
In order to shed some light on the effect of electrolyte content
of the aqueous phase on the degree of oil separation, three
types of water were used in preparing the emulsion, namely,
fresh water containing 85 ppm NaCl, brackish water contain-
ing 1.5% NaCl and seawater containing 3.5% NaCl. Fig. 7
shows that the degree of oil separation increases as the NaCl
content of the aqueous phase decreases. This may be attributed
to the fact that demulsiﬁcation by electrophoresis decreases
with increasing NaCl concentration because the competing
chloride migrates to the anode surface in preference to the neg-
atively charged oil drops. Despite the high rate of oil removal0
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Separation of cottonseed oil from oil-water emulsions 203in emulsions with low salt content, a high voltage penalty is in-
curred as a result of the low solution conductivity which makes
the high electrolyte concentration more beneﬁcial from the
power consumption point of view as shown in Fig. 8 [25].
4. Conclusions
(1) For a given current density most of the oil content was
separated using steel electrodes in electrocoagulation
within the ﬁrst 5 min and then the process of oil separa-
tion slows down with time.
(2) Increasing current density increases the rate of oil sepa-
ration from the emulsion, reducing the time required for
required degree of removal but increases the power
requirements.
(3) The oil separation showed better efﬁciency with lower
sodium chloride concentration. However, higher con-
centrations are preferred, economically, to reduce the
power consumption.
(4) Increasing the initial concentration of the oil leads to
give more oil removal efﬁciency after 45 min of treat-
ment by electrocoagulation using steel electrodes.
(5) The oil removal is at its maximum values when the emul-
sion pH is around 7 and decreases as we go far from this
value.
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